A series of imidazolium energetic ionic liquids (EILs) 2a, 3a-f, and 4a-f with a nitrooxyethyl or hydroxyethyl side chain in their cations were easily synthesized starting from N-methylimidazole via quaternization, nitration, and metathesis reactions. The EILs and intermediates were fully characterized by FT-IR, UV/Vis, ESI-MS, 
Introduction
Ionic liquids, dened as low-melting salts that melt at or below 100 C, are composed of an organic cation and an inorganic or organic anion. 1 They are of great interest because of their unique chemical and physical properties such as low vapor pressure, non-ammability, high thermal stability, good ionic conductivity, and excellent uidity and solubility. 2 Initially, ionic liquids were introduced as alternative green reaction media, 3-5 but today they have gradually shown their signicant roles in various elds including organic synthesis, 6, 7 catalysis, [8] [9] [10] analysis, 11 electrochemistry, 12,13 material chemistry, 14, 15 energy technology, 16, 17 as well as many others. In the past dozen years, many ionic liquids have been reported to have potentials as green energetic materials.
18-21
Compared with traditional molecular energetic compounds, such as TNT, RDX, and HMX, energetic ionic liquids (EILs) have some intrinsic properties such as low vapour pressures, high thermal stabilities, and low melting points, [22] [23] [24] which make them ideal candidates for minimizing or even eliminating hazardous conditions associated with handling, processing and transporting explosive materials. 25 A large number of EILs have been reported based on imidazolium, triazolium, tetrazolium and so on with different energetic anions. 25 However, compared with energetic anions, energetic cations are relatively limited due to the absence of some energetic groups such as -NO 2 , -NO, -N 3 , -ONO 2 etc. 18, 26 There has been an interest in exploring new EILs, especially for those containing energetic anions with a wider range and cations with desired energetic groups. 26 In this study, a series of new imidazolium-based EILs, consisting of different energetic anions and imidazolium cations with a hydroxyethyl or nitrooxyethyl side chain, were designed and easily synthesized. The EILs were fully characterized by FT-IR, UV/Vis, ESI-MS, 1 H NMR, (KNTO$H 2 O), 30 potassium dinitromethanide (KDNM), 31 potassium dinitramide (KDN), 32 and sodium 5-nitrotetrazolate dihydrate (NaNT$2H 2 O) 33, 34 were synthesized according to literature procedures. These energetic alkali metal salts will be used in subsequent metathesis reactions in order to introduce desired energetic anions.
N-Hydroxyethylimidazolium chloride (1) was synthesized via a quaternization reaction of N-methylimidazole with 2-chloroethanol under reux without solvents (Scheme 1). Subsequent direct metathesis reactions of compound 1 with KDNT, KP, KNTO, KDNM, KDN, and NaNT in acetone successfully gave Nhydroxyethylimidazolium EILs 3a-f. 35 Nitration of compound 1 with fuming nitric acid at a low temperature gave N-nitrooxyethylimidazolium nitrate (2a) with an energetic nitrooxy group in the side chain. At the same time, the chloride ion in compound 1 was replaced by a nitrate ion. However, direct metathesis reactions of compound 2a with the alkali metal energetic salts in acetone were unsuccessful. It is probably because that sodium nitrate or potassium nitrate is slightly soluble in acetone, which leads to the presence of few NO 3À anions remaining in products. Comparatively, sodium chloride or potassium chloride is insoluble in acetone, indicating that Cl À anion could be a suitable choice for the metathesis reaction.
Ion exchange of compound 2a with Cl À type ion exchange resin successfully gave N-nitrooxyethylimidazolium chloride (2b). Compounds 4a-f was then readily obtained by metathesis reactions of compound 2b with KDNT, KP, KNTO, KDNM, KDN, or NaNT in acetone (Scheme 1). The potassium chloride or sodium chloride precipitated was removed by vacuum ltration.
Spectroscopy
EILs 1, 2a-b, 3a-f, and 4a-f were characterized by UV-Vis, FT-IR, ESI-MS, 1 H NMR, 13 C NMR, and elemental analysis, of which the data are listed in Experimental section. The FT-IR spectra were determined in KBr pellets from 4000 to 450 cm À1 (see ESI †). All the compounds have the aromatic C-H stretching vibration absorption peak at 3200-3000 cm À1 of imidazolium ring, and the aliphatic C-H stretching vibration peak at 3000-2700 cm À1 of side chains. Besides, the characteristic IR absorption peaks of 3,5-dinitro-1,2,4-triazolate, picrate, 3-nitro-5-oxo-1,2,4-triazolate, dinitromethanide, dinitramide, and 5-nitrotetrazolate anions are also clearly observed for compounds 2a, 3a-f, and 4a-f.
23,36-39
The UV-Vis spectra of EILs 1, 2a-b, 3a-f, and 4a-f were recorded in water by an UV-1800PC ultraviolet and visible spectrophotometer (see ESI †). The maximum UV absorptions of imidazolium cations are obtained at 213-230 nm, and those of anions are found at 285 nm (3,5-dinitro-1,2,4-triazolate), 354 nm (picrate), 344 nm (3-nitro-5-oxo-1,2,4-triazolate), 361 nm (dinitromethanide), 283 nm (dinitramide), and 255-256 nm (5-nitrotetrazolate), respectively. UV-Vis data show that all the compounds have both desired ions.
The ESI-MS spectra of EILs 1, 2a-b, 3a-f, and 4a-f were also recorded (see ESI †). In ESI-MS positive ion mode, the cationic peaks of compounds 1 and 3a-f are observed at about 126.9 (1-hydroxyethyl-3-methylimidazolium cation), and those of compounds 2a-b and 4a-f are at about 172.0 (1-methyl-3-nitrooxyethylimidazolium cation), indicating the existence of desired imidazolium cations. In ESI-MS negative ion mode, the anionic peaks of compounds 2a, 3a-f, and 4a-f were also detected at 61.8 (nitrate anion), 157.8 (3,5- signal at about 123 ppm. The tetrazolate anions of compounds 3f and 4f exhibit carbon signals at 167-169 ppm.
Thermal properties
The thermal stabilities of the new energetic compounds were determined by thermogravimetric analysis (TGA) (Fig. 1) . The decomposition temperatures obtained from TG data are listed in Table 1 . Comparatively, the decomposition temperatures of EILs 3a-f with a N-hydroxyethyl side chain are much higher than those of compounds 4a-f with a N-nitrooxyethyl side chain, when their anions are the same. This indicates that the introduction of a nitrooxy group into the side chains lowered the decomposition temperatures, rendering the corresponding EILs a poorer thermo-stability. Generally, energetic salts 2a, 3a-f, 4a-b, and 4e-f possess good thermal stabilities, of which the decomposition temperatures are higher than 150 C. However, EILs 3d and 4d with a dinitromethanide anion have the lowest decomposition temperatures at 151 C and 138 C. When heated up to 650 C, a nearly 100% weight loss was observed for compounds 3d-e and 4e-f, while compounds 3b and 4b with picrate anions had a very high weight residue above 20% (Fig. 1) . It is probably because the oxygen-rich dinitromethanide, dinitramide, or 5-nitrotetrazolate anions provide compounds 3d-e and 4e-f a better oxygen balance than picrate anion does. DTG curves of the energetic compounds show that compounds 3a, 3b, and 3f have one weight loss process, compounds 2a, 3c, 3d and 4a-d generally have two weight loss processes, and compounds 3e and 4e-f have three weight loss processes (see ESI †). Generally, the rst weight loss processes of compounds 4a-f are surely due to the decomposition of their Nnitrooxyethyl side chains, as indicated by the structure and thermo-stability differences between compounds 3a-f and compounds 4a-f.
The thermal properties of compounds 2a, 3a-f and 4a-f were further determined by differential scanning calorimetry (DSC) (see ESI †). The melting points and glass transition temperatures obtained from DSC data are also listed in Table 1 . DSC data show that the energetic salts are typical ionic liquids with glass transition temperatures from À77
C to À12 C and melting points below 100 C. Importantly, all the EILs have a very wide liquid temperature range over 100 C (Table 1) . Besides, EILs 3a-c, 3f, and 4b have a melting point from 79 C to 100 C and a much higher decomposition temperature from 198 C to 283 C, which may be potential choices for melt-cast explosives.
Generally, when the anions are the same, the melting temperatures of 3a-f with a hydroxyethyl side chain are higher than those of 4a-f with a nitrooxyethyl side chain, while their glass transition temperatures are just the opposite (Table 1) . It shows that the introduction of nitrooxy group lowered the melting points, but increased the glass transition temperatures of the ionic liquids. Compounds 2a, 3d, 3e, 4c, 4d and 4e are liquid at room temperature, of which the secondary heating DSC curves are shown in ESI. † During the secondary heating process, only glass transitions were observed without melting or crystallization. Compounds 3b, 3c, 4a, and 4f are solid at room temperature, of which the rst heating DSC curves and secondary heating DSC curves are quite different (see ESI †). During the rst heat process, only melting peaks were observed without glass transition and crystallization peaks. Comparatively, there are no melting peaks in the secondary heating DSC curves, whereas obvious glass transition processes are observed. It is probably because that compounds 3b, 3c, 4a, and 4f have very slow crystallization rates, of which crystal states could not be formed during the cooling and heating processes. Compounds 3f and 4b are solid at room temperature, of which the rst and secondary heating DSC curves are different clearly (see ESI †). During the rst heating process, only melting peaks were observed, where the glass states of compounds 3f and 4b turned into a liquid state. During the secondary heating process, there are glass transition processes at À50
C and À12 C, where compounds 3f and 4b turned into supercooled liquids. When further heated, compounds 3f and 4b crystallized and then melted into a normal liquid. Table 1 Physicochemical properties of compounds 2a, 3a-f and 4a-f
Compound Appearance 
Solubility
Solubility test shows that all of the salts were soluble in most polar solvents such as acetonitrile, acetone, ethanol, methanol, dimethyl sulfoxide, and water, but insoluble in diethyl ether, petroleum ether, ethyl acetate, and dichloromethane.
Crystal structures
Slow recrystallization of compounds 3a, 3b, and 4b from acetone at room temperature gave crystals suitable for X-ray diffraction analysis. The crystallographic data are summarized in Table 2 . Selected bond lengths, bond angles, and some further information about crystal-structure determinations are given in the ESI. † The molecular structures and the packing diagrams of compounds 3a, 3b, and 4b are shown in Fig. 2-4 , respectively.
Compound 3a crystallizes in a triclinic space group P 1 with a density of 1.528 g cm À3 and a unit cell volume of 619.95 Table 2 ). The molecular unit of compound 3a consists of one 2,5-dinitrotriazolate anion and one 1-hydroxyethyl-3-methylimidazolium cation without coordinated water ( Fig. 2 ). All the atoms of 2,5-dinitrotriazolate anion are almost coplanar. The C-N bonds in the 2,5-dinitrotriazolate ring have nearly same bond lengths of 1.33Å, showing a conjugation system existed.
The bond lengths of N1-C5, N2-C5, N1-C4, and N2-C3 in the imidazolium ring of compound 4b are 1.32, 1.32, 1.38, and 1.38 A, respectively. These C-N bonds are much shorter than a classical C-N single bond (1.47Å), whereas longer than a C]N double bond (1.31Å), indicating a conjugation existed in the imidazolium ring. Comparatively, the bond lengths of N1-C5
and N2-C5 are shorter than those of N1-C4 and N2-C3, which is consistent with 1,3-disubstituted imidazoliums. 43 There is a strong intramolecular O5-H/N3 hydrogen bond with a bond length of 2.07Å. The crystal structure is formed by intramolecular and intermolecular O-H/N hydrogen bonds, pstack as well as the charge attraction between imidazolium cation and 2,5-dinitrotriazolate anion. The O5-H/N3 strong hydrogen bond and the charge attraction between the cation and the anion make compound 3a have a U-shape layout in the crystal, as shown in Fig. 2 .
Compound 3b crystallizes in a monoclinic space group P2 1 /n with a density of 1.552 g cm À3 and a unit cell volume of 1520.22 Table 2 ). The molecular unit of compound 3b consists of one picrate anion and one 1-hydroxyethyl-3-methylimidazolium cation (Fig. 3) . Interestingly, there is no intramolecular hydrogen bond observed although there is a hydroxyl group in compound 3b. Actually, the three nitro groups of picrate anion are not coplanar. The C2-NO 2 has a very big O7-N3-C2-C1 torsion angle of À42.2 due to the steric hindrances of both O1
and the hydroxyethyl side chain (Fig. 3) . The O8-C12 bond length of 1-hydroxyethyl-3-methylimidazolium cation is 1.408Å, which is much longer than that of O1-C1 (1.241Å) in picrate anion. The difference originates from the delocalization of the negative charge on the benzene ring. In addition, the p-p conjugation between the nitro group and the aromatic ring results in the C-N bond lengths in picrate anion range from 1.443 to 1.451Å, which are a little shorter than those of C-N bonds in the imidazolium cation (1.465 and 1.474Å).
Compound 4b crystallizes in a monoclinic space group P2 1 /n with a density of 1.589 g cm À3 and a unit cell volume of 1673.1(3)Å 3 ( Table 2 ). Fig. 4 shows that the molecular unit of compound 4b consists of one picrate anion and one 1-methyl-3-nitrooxyimidazolium cation without coordinated water. Interestingly, there are no common hydrogen bonds but several intra-and intermolecular C-H/O hydrogen bonds formed in the crystal system (Fig. 4) . The C1-H on the imidazolium is acidic, which interact with O4 and O5 forming two hydrogen bonds via a six-membered ring. The resulting C1-H/O4 and C1-H/O5 have a hydrogen bond length of 2.18Å and 2.39Å, which is signicantly shorter than the sum of their van der Waals radii (d 0 , 2.72 A ). The bond length of C1-H/O4 is a little shorter than that of C1-H/O5 probably because that O4 is deprotonated and negatively charged. It is the C1-H/O4 and C1-H/O5 hydrogen bonds that make the torsion angle of O5-N4-C12-C7 (+6.4 ) remarkably smaller than that of O10-N5-C8-C7 (À26.6 ). Besides, C5-H and C6-H activated respectively by a quaternary ammonium nitrogen (N2) and a nitrooxy group are reasonable hydrogen bond donors. [44] [45] [46] The C5-H/O4 (d ¼ 2.57Å) and C6-H/O10 (d ¼ 2.46Å) hydrogen bonds render imidazolium ring and the nitrooxy group a gauche form conformation, as shown in Fig. 4 . Furthermore, the C2-H and C3-H on imidazolium ring formed two intermolecular C-H/O hydrogen bonds with the two nitro oxygens of picrate in another molecule (Fig. 4) . The 2D layer structure is formed by intra-and intermolecular C-H/O hydrogen bonds as well as the charge attraction between imidazolium cation and picrate anion, and the 2D layer stacks are parallel to the crystallographic c axis.
Energetic properties
As one of the most important properties of the EILs, density can be calculated by Gaussian soware. The molar volume can be calculated with Monte-Carlo method. Furthermore, the density can be readily extracted. Heat of formation is one of the most essential features of the compounds. On the basis of a BornHaber energy cycle (Scheme 2), the heats of formation of all the EILs can be simplied by the expression shown in eqn (1).
where DH L is the lattice energy of the ionic liquids, which can be predicted by eqn (2) suggested by Jenkins et al.
where n M and n X depend on the nature of the ions M p + and X q À , respectively, and are equal to 3 for monatomic ions, 5 for linear polyatomic ions, and 6 for nonlinear polyatomic ions. The equation for lattice potential energy U POT has the form shown in eqn (3).
where r is the density (g cm À1 ), M is the chemical formula mass The molar enthalpies of formation of energetic anions are obtained from literatures. 14, 23, 48 The molar enthalpy of formation of the cation is computed by Gaussian soware based on the designed isodesmic reaction (Scheme 3). The enthalpy of reaction (DH 0 r 298 ) is obtained by combining the B3LYP/6-31++G** energy differences for the reaction, the scaled zeropoint energies, and other thermal factors.
The detonation velocity (D) and detonation pressure (P) of energetic compounds could be predicted by eqn (4) and (5). Scheme 2 Born-Haber cycle for the formation of energetic ionic liquids.
49,50
The calculated densities, lattice energies, molar enthalpies of formation and detonation parameters of the EILs are listed in Table 3 .
As shown in Table 3 , the calculated densities of compounds 2a, 3a-f, and 4a-f are from 1.47 to 1.64 g cm À3 , which are generally close to their crystal or pycnometric densities. Compounds 2a, 3a, 3b, 3d, 3e, 4b, 4d and 4e possess negative heats of formation, which mainly result from the large negative heats of formation of their anions. It is noteworthy that the 5-nitrotetrazolate anion possesses a positive heat of formation of 112.80 kJ mol À1 and its salts 3f and 4f have a much higher enthalpy of formation than those of other salts. Generally, with the same anions, EILs 4a-f with an energetic nitrooxy group in their side chains have a higher enthalpy of formation than EILs 3a-f without a nitrooxy group (Table 3) . When the anions are the same, the detonation velocities and detonation pressures of ionic liquids 4a-f with a nitrooxyethyl side chain are much higher than those of ionic liquids 3a-f with a hydroxyethyl side chain (Table 3) . It indicates that the introduction of nitrooxy energetic group can improve their energetic properties. The detonation velocities of ionic liquids 2a and 4a-f are 6.84-7.63 km s À1 , which are between those of TNT and RDX. The detonation pressures of ionic liquids 2a, 3e, 4a, 4b, 4d, and 4e are better than that of TNT. Generally, some of the EILs have good energetic properties which have potentials as new energetic materials.
Experimental section

Caution
We did not experience any problems in handling these compounds, though some of them were sensitive to shock, heat, or friction. We strongly suggested that they should be synthesized in a very small scale and handled with extreme care using all of the standard safety precautions because of their high nitrogen content and rather high heats of formation.
Materials and methods
All chemical reagents of analytically pure grade were obtained from commercial sources and used as received without additional purication. UV-Vis spectra were recorded by an UV-1800PC ultraviolet and visible spectrophotometer. IR spectra were recorded by using KBr plates in the range 4000-450 cm À1 by a Perkin Elmer Spectrum 100 FT-IR spectrometer. 1 Elemental analyses were performed using a Netsch STA 429 simultaneous thermal analyser. The melting and decomposition points of all the salts were recorded on a Q2000 differential Scheme 3 Isodesmic reactions of imidazolium cations. Table 3 Calculated densities, lattice energies, molar enthalpies of formation and detonation parameters of compounds 2a, 3a-f and 4a-f (298 K) 
Synthesis of ionic liquids
1-(2-Hydroxyethyl)-3-methylimidazolium chloride (1) . A mixture of 1-methylimidazole (5.2 g, 63.5 mmol) and 2-chloroethanol (5.2 g, 64.0 mmol) was added into a 100 mL twonecked round-bottomed ask that was tted with a reux condenser. The mixture was stirred at 80 C for 20 h, to which 10 mL anhydrous ethanol was then added. The resulting mixture was poured into 100 mL cold ethyl acetate and cooled to room temperature. Aer decanting the ethyl acetate layer, the crude product was washed with diethyl ether (3 Â 10 mL) and dried in vacuum overnight to give compound 1 as fairly hygroscopic white crystals (9.1 g, 55.9 mmol, 88% yield 
Pretreatment of Amberlite 717
Amberlite 717 was immersed in distilled water for 24 h and ltered. Then the resin was immersed in brine for another 24 h in order that all OH À was replaced by Cl À . At last, the resin was washed by deionized water several times until there were no precipitations formed in the ltrate by addition of a silver nitrate solution. (10.3 g, 44 .0 mmol) in 10 mL water and 40 mL methanol. Then the mixture was stirred at room temperature for 12 h. The resin was removed by vacuum ltration, giving a colorless ltrate. The solvent was removed by a rotary evaporator to yield 2b as a slight yellow solid (9.0 g, 43.4 mmol, 99%) . 1 General procedures for the preparation of energetic ionic liquids 3a-f and 4a-f
1-Methyl
Compounds 1 or 2b was dissolved in acetone, and then one equivalent of KDNT, KP, KNTO$H 2 O, KDNM, KDN, or NaNT$2H 2 O was added. The precipitation of white chloride salts was observed intermediately and the resulting slurry was stirred at room temperature for 24 h. Aer removal of the precipitation by vacuum ltration, the solvent was evaporated via a rotary evaporator. The resulting crude product was dissolved in acetone to remove the residual chloride salts by vacuum ltration, the ltrate was evaporated, and then the residue was washed twice with Et 2 O. 
Conclusions
A series of imidazolium-based energetic salts with a hydroxyethyl or nitrooxyethyl side chain were easily synthesized and characterized through NMR, IR, MS, UV/Vis, elemental analysis (EA), DSC, TGA, and/or single crystal X-ray diffraction. DSC analysis shows that the energetic salts are all typical ionic liquids with a wide liquid temperature over 100 C. TGA data show that the EILs possess good thermal stabilities with decomposition temperatures above 165 C, except for compounds 3d, 4c, and 4d. Besides, compounds 3a-c, 3f, and 4b have a melting temperature from 79 C to 100 C and a much higher decomposition temperature from 198 C to 283 C, which may be suitable choices for melt-cast explosives. The calculated detonation velocities of ionic liquids 2a and 4a-f are 6.84-7.63 km s À1 , which are between those of TNT and RDX.
The calculated detonation pressures of ionic liquids 2a, 3e, 4a, 4b, 4d, and 4e are better than that of TNT. Data show that the introduction of the nitrooxy group lowered the melting points and decomposition temperatures, while increased the glass transition temperatures, and improved the energetic properties of the EILs. Solubility experiment shows that all the EILs have a good solubility in most polar solvents. Generally, these EILs have good stabilities and energetic properties, which could be applied as potential energetic materials.
